We develop a solution-based nanoscale patterning technique for site-specific deposition and dissolution of metallic nanocrystals. Nanocrystals are grown at desired locations by electron beam-induced reduction of metal ions in solution, with the ions supplied by dissolution of a nearby electrode via an applied potential. The nanocrystals can be "erased" by choice of beam conditions and regrown repeatably. We demonstrate these processes via in situ transmission electron microscopy using Au as the model material and extend to other metals. We anticipate that this approach can be used to deposit multicomponent alloys and core-shell nanostructures with nanoscale spatial and compositional resolutions for a variety of possible applications.
INTRODUCTION
Fabrication of site-specific nanostructures of desired shape, structure, and composition is probably the most desirable goal pursued actively by the nanotechnology community (1) . In particular, metallic nanostructures have a wide variety of applications that include biosensors, photonics, and energy storage/conversion devices (2) . To fabricate aperiodic, nanoscale metallic patterns on arbitrary substrates, topdown nanofabrication technologies have been developed (3) . Photon and electron beam lithographies generally require the use of photoresist and involve vacuum deposition (4) . In contrast, resist-free approaches and potentially simpler pathways to fabricate metallic nanostructures in a single process step (5, 6 ) are attractive. Resist-free direct writing approaches include focused ion beam-assisted (5) and electron beam-assisted (6) deposition of metallic nanostructures and dip-pen nanolithography (7) . These approaches enable one-step nanoscale fabrication with in situ metrology (7) and imaging (8) . Complementary to these techniques, the ability to deposit materials via solution medium can potentially allow a wider choice of materials and is beneficial for direct deposition of complex nanoscale three-dimensional patterns (9) . Solution-phase versions of electron beam-or ion beam-induced deposition have therefore been developed to fabricate various metallic and semiconducting nanostructures and thin films (7, 9) . However, these beam-driven processes have significant limitations (9) . For example, metalorganic precursors typically yield metal grains embedded in an amorphous matrix (10) . Fluoro-and chlorophosphine-based precursors cause significant phosphorus incorporation into Au, Pt, Ni, and Co deposits and are also toxic, unstable, and expensive (11, 12) . The flexibility required to deposit arbitrary alloys and multiple materials is limited (9, 10) because the existing methodologies require the metals to be present in the precursor, which must therefore be optimized for the particular element or alloy of interest. Electrochemical techniques can produce patterned metallic deposits, but the substrate must be conductive: For example, laser-induced plating (13) uses thermal effects to increase the electrochemical deposition rate over areas of tens of micrometers in size, and electron beam-induced plating (14) forms patterns with length scales of tens of nanometers.
Here, we report the development of a solution-based technique for site-specific nanoparticle deposition that supplies the material of interest via electrochemical control, but uses an electron beam to define the location at which this material is deposited in the form of nanoclusters. Both electrochemical and irradiation parameters influence growth, and the deposit can be "erased" by a suitable choice of irradiation conditions. The multitude of control factors suggests that few-nanometer precision may be achievable in the dimensions of the nanostructures produced. We apply this technique to deposit several different metals. In principle, simultaneous deposition of multiple materials to form alloys, or sequential deposition to form compositionally modulated core-shell structures, can be achieved through inclusion of a separate "source" for each material. This provides a potentially useful flexibility compared to existing beam-induced deposition techniques. Analogous to the existing approaches for electron beaminduced patterning, control of deposit position should be achievable via the beam irradiation parameters.
RESULTS
As a proof of concept, we demonstrate this lithography technique using in situ liquid cell transmission electron microscopy (TEM). In the TEM liquid cell (see the Supplementary Materials), a thin layer of liquid, below a few hundred nanometers in thickness, fills the space between two electron-transparent windows, each a 50-nm-thick silicon nitride film. For the experiments described below, several metal thin-film electrodes are patterned on the interior surface of one window of the liquid cell. The electrode areas are of the order of 100 mm 2 , and the separation between electrodes is several tens of micrometers. In each experiment, all electrodes are composed of the same metal (Au, Ni, or Cu). The liquid cell is filled with an electrolyte, generally 0.1 M HCl (pH 1). A pair of electrodes is used for each experiment. To form the metal nanocrystals, a potential is applied across the electrodes, and the electron beam is located between the electrodes and focused to a diameter of several micrometers. We have examined potentiostatic conditions, in which a fixed potential of typically a few hundred millivolts is applied between the electrodes, and galvanostatic conditions, in which a current typically a few tens of nanoamperes is flowed between the electrodes. In both cases, a pulsed mode is used in which potential or current is switched periodically on and off (see, for example, fig. S1 ). The spread beam and pulsed mode facilitate investigation of the deposition kinetics, and pulsing also avoids electrochemically generated gas bubbles at the electrodes (15) because bubbles cause difficulties in interpreting liquid cell TEM data (16) . As the electrochemical cycling takes place, the growth of nanostructures in the illuminated area is recorded at 30 images/s. After the potential is switched off, a larger area can be imaged to measure any growth outside the illuminated region.
In this arrangement, metal ions are supplied electrochemically by an oxidation reaction, such as dissolution of Au at the counter electrode (CE), when an appropriate potential is applied. The released ions diffuse outward from the electrode. Some are deposited in the reduction reaction at the working electrode (WE), but any ions that diffuse to the irradiated area are reduced to zero-valent metal by reactive species produced when the electron beam irradiates the electrolyte. This phenomenon of metal deposition has been noted in liquid cell experiments involving biasing (17) .
We first show the outcome of this process and then discuss its two key stages in more detail below. Figure 1A shows Au nanocrystals formed in the irradiated region of an HCl electrolyte when pulsed galvanostatic conditions are applied to Au electrodes. The corresponding movie and additional images are shown in movie S1 and fig. S1A , respectively. The nanocrystal morphology is three-dimensional, polycrystalline spiky balls, similar to the structures that have been grown elsewhere via chemical reduction processes in liquid precursors containing Au ions (18) . Measurements of the radius of each nanocrystal show that growth is correlated with the electrochemical stimulus (Fig. 1B) . As each current pulse occurs, growth takes place in a burst with measured radial growth rates as high as 20 to 50 nm s . The onset of growth is similar for all the nanocrystals within the field of view. However, current alone does not predict growth because no growth was observed in the first four current cycles of this experiment ( fig. S1 ). Instead, growth occurs only during the times at which the potential has become more negative than a threshold value, V th = −0.73 V in Fig. 1 . This threshold is consistent, with a variation of less than 50 mV in the potential required for visible growth. With zero current or potential, the electrolyte can be irradiated for long periods of time (tens of minutes) without nanocrystal formation.
To clarify the source of the Au ions, we show the microstructural changes taking place at the CE as the potential is slowly varied through a critical value of −0.7 V in Fig. 2 and movie S2. Dissolution of the Au electrode is visible when the potential reaches −0.66 ± 0.03 V. The Au film thins and forms pits, followed by perforations (fifth and subsequent images in Fig. 2 ). This electrochemical corrosion process is related to electrorefining (19) and requires a specific onset (stripping) potential (20, 21) ; the measured value is consistent with the stripping (or sedimentation) potential for Au in acidic solutions (table S1). The similar potentials required for dissolution of the CE and visible nanocrystal growth in Fig. 1 provide strong evidence that the nanocrystals grow from Au ions released from the CE. Furthermore, analysis of Fig. 2B (see caption) shows that dissolution can supply enough ions to feed the observed growth rates ( Fig. 2 shows a dissolution rate of 0.2 nm/s or 2 × 10 10 Au ions/s; Fig. 1 shows a radiolytic growth rate of 4 × 10 9 Au/s). Under conditions when current rather than potential is controlled, as in Fig. 1 , the delay in nanocrystal nucleation can be understood through the sequence of electrochemical reactions that take place at the CE. When current first flows, we expect electrolysis of the dilute HCl electrolyte to proceed through reduction of H + ions to H 2 at the WE and oxidation of Cl − at the CE. (Both gases are somewhat soluble in water, although we do observe gas bubbles if current is flowed for longer periods.) However, Cl − ions are likely to be rapidly depleted from the regions around the electrodes because of the small volume of electrolyte available in the liquid cell, even with the pauses in the current flow. The electrode potential therefore gradually becomes more negative over several cycles ( The full sequence is shown in movie S1, and additional images of the whole irradiated area are shown in fig. S1A . (B) Driving current (−60 nA in 10-s pulses), the resulting measured potential, and the radius versus time of three of the nanocrystals. The black, green, and magenta boxes shown in (A) at 92 s correspond to crystals 1, 2, and 3 in (B), respectively. Growth did not occur during the first four current pulses, only starting when the potential went below a threshold value V th~− 0.73 V. Note that when the current is off, the radii decrease slightly under the beam. Light green shading indicates times at which nanocrystal growth was observed, consistently at potentials below −0.70 V. The smallest observable nanocrystal is around 25 nm in diameter (second image).
can take place as the overpotential rises, but the concentration of OH − is low, so it is not surprising that oxidation of Au occurs eventually from the CE. We expect oxidation and dissolution of the Au CE to be initiated concurrently in acid electrolytes (20, 21) .
Controlling the potential provides a reasonably precise way to regulate nanocrystal growth. In fig. S2A and movie S3, we monitor growth as the potential is changed in 50-mV steps to confirm directly that growth initiates and continues while the potential is below −0.7 V. In fig. S2B and movie S4, we use the V th values derived in Figs. 1 and 4A to switch growth on and off by switching the potential between two values above and below the threshold value. A final example of nanocrystal control via potential is presented in fig. S4 , which shows the effect of different electrochemical parameters on particle size and morphology by comparing growths with different current on/off profiles. For identical charge passed, the number and size of nanocrystals increase when the current is applied over fewer but longer intervals (fig. S4A) ; in a single pulse, the amount of deposited material is not proportional to pulse length. This is because the potential exceeds V th for only a subset of the pulse time. No growth is expected for short pulses because the voltage does not reach the point at which Au ions are generated. If we assume that once the voltage exceeds V th all current is supplied by dissolution of the CE, then we expect the relationship between ions emitted and pulse length to be approximately linear with an offset of~1 s ( fig. S4B) .
We now discuss the conversion of the released ions into nanocrystals. The formation of metal nanocrystals from metal ions in an irradiated solution is well established (22, 23) . Irradiation of water by any high-energy x-rays, electrons, or g-rays deposits energy into the water, breaking chemical bonds and creating molecular and radical products (24, 25 Calculations that account for the formation rate of each product, its destruction due to reactions with other species, and its diffusion out of the irradiated area show that within milliseconds, for typical TEM liquid cell conditions, each radiolysis product reaches a steady-state concentration, which depends on dose rate and position (24, 25) . Some radiolysis products can diffuse far from the irradiated area, but e À h , in particular, is so reactive that its concentration is high only where it is generated within the irradiated area and for a few nanometers outside (23) (24) (25) .
Metal ions in solution react with one or more of the radiolytic species, most importantly e (27, 28) . Depending on the conditions, nanocrystal growth rates may be determined either by the electron dose rate (production rate of e À h ) or by the rate of supply of the metal ions from the unirradiated bulk solution (22, 23, 25) . In the present experiments, where growth occurs only when ions are released from the electrode, the growth rate is clearly limited by the arrival of metal ions at the irradiated area, where they react with e À h created by the beam.
The process shown in Fig. 1 differs from previous examples of beam-induced nanocrystal growth because metal ions are not initially present in solution. Instead, the electrochemical supply route of the ions enables "on-demand writing" via electrochemical control even under steady irradiation conditions. The geometry of the ion diffusion outward from the CE is visible in several of the images in Fig. 3 , where deposition is greater around the periphery of the irradiated volume and in the direction of the CE.
We can estimate whether electrochemically released Au ions reach concentrations that can lead to radiolytic growth using simplifying assumptions. Solving the diffusion equation with flux boundary condition corresponding to the current and electrode geometry ( fig. S5A) shows that the ion concentration a few micrometers from the source can reach 0.1 M, above the values used for beam-induced growth experiments, in a few tenths of a second. We further note that if the beam is placed far from the CE, we do not observe nanocrystal formation. Far from the electrode, the concentration does not reach the levels required for nucleation during the experiment. We do not expect an effect of electric field on diffusion of Au ions (or e À h ) due to screening because the Debye length in the 0.1 M HCl electrolyte is only a few nanometers.
The ability to optimize both electrochemical and irradiation parameters provides opportunities for control of nanocrystal growth by subtraction as well as addition. Dissolution is possible because although e À h is a strong reducer, other radiolytically produced species such as OH
• are oxidizers. The steady-state balance of radiolysis species depends on the dose rate, with simple calculations suggesting that higher dose rates should result in a higher ratio of oxidizing to reducing species (25) . Dissolution processes are therefore expected to be stronger at high dose rates. Competitive oxidation and reduction reactions have been observed in liquid cell experiments depending on dose rate (25, 29) . At high enough dose rates, previously formed nanocrystals can be removed. Figure 3A and fig. S3 demonstrate a sequential process of growth (writing) and radiolytic dissolution (erasing) of Au nanocrystals. Particles are "written" under a moderate dose rate with an appropriate potential. Growth stops as soon as the potential is set to zero because rapid diffusion lowers the concentration of ions ( fig.  S5B ). Particles are erased by then increasing the dose rate, either by focusing the beam and scanning it slowly over the existing nanocrystals or by increasing the emission current at constant beam size. Writing and erasing can be repeated multiple times. In this experiment, the ensemble of nanocrystals grew at~2 × 10 10 Au ions/s at a dose rate of~5 × 10 3 e − /nm 2 ·s and a potential of −0.7 V. They were virtually unchanged after many (tens of) hours at this dose rate with 0 V, but increasing the dose rate to 2.6 × 10 4 e − /nm 2 ·s (at 0 V) caused etching at~5 × 10 8 Au ions/s. Etch rates are generally slower than growth rates under the conditions accessible in the experiments. Size control of nanocrystals may thus be optimized by first growing and then tuning the size by etching. Figure S6 and movies S5 and S6 illustrate this via writing and erasing an ensemble of small crystals.
To address the generality of this technique, we have tested other metal electrodes, Ni and Cu, with the same electrolyte (Fig. 4, fig. S7 , and movies S7 and S8), and Au with other electrolytes. Dissolution and deposition processes appear similar for Cu, Ni, and Au. The measured potentials for nanocrystal formation are summarized in table S1. Different potentials are required for each metal, with the onset potential related to the literature stripping potentials but also depending, to some extent, on the geometry of the electrodes due to our two-terminal (pseudo-reference electrode) configuration. In addition to 0.1 M HCl, we tested 0.1 M ZnCl 2 (pH 2.5). This solution is stable to beam irradiation for over 2 hours at 3 × 10 4 e − /nm 2 ·s. We find that Au nanocrystal formation requires a potential of −0.7 V, similar to that required in 0.1 M HCl. However, at a fixed potential above this value, the growth rate of Au nanocrystals in ZnCl 2 is slower than in HCl; the time taken for complete dissolution of the Au CE in ZnCl 2 is also slower than in HCl (~30 and 4 min, respectively, on pulsing the current at −60 nA for 10 s with 10 s off times). Because the dissolution process at the CE scales linearly with H + concentration (21), we would expect a higher dissolution rate of Au in HCl and hence a higher supply rate of Au ions to the irradiated area.
DISCUSSION
The methodology that we have described for liquid-phase synthesis of nanocrystals involving electrochemical and radiolytic control parameters is summarized in fig. S8 . The growth and etching kinetics of nanocrystals are controlled both via selective electrochemical dissolution, which determines the supply of metal ions, and electron beam irradiation, which determines the growth location and can determine the size. Because the metal ions do not need to be supplied in the liquid phase, the method is flexible in the choice of metals and substrate. It may be possible to include multiple metal electrodes that can be selectively and sequentially activated to create more complex structures, such as core-shell or alloy nanocrystals. We can also envisage designing the geometry of the electrodes to supply material from different directions, possibly enabling fabrication of asymmetrical structures such as Janus particles. This flexibility in materials supply is an advantage compared to other electron beam-induced deposition techniques, where the solution typically contains micromolar to millimolar concentrations of ionic complexes and must be tuned for each alloy.
We expect the location of a nanocrystal to be controllable by choosing a small spot size and exploiting the limited presence of the radiolysis species outside the beam. A nanometer-scale liquid interaction volume is possible, in principle, using small probe sizes in scanning TEM (STEM) (30) . The minimum size of the deposit is similarly expected to be strongly dependent on the beam size and energy as well as on the ion supply. The smallest feature sizes demonstrated in optimized lithography tools for electron beam-induced deposition in liquids are in the 20-to 30-nm range (31); in STEM, feature sizes down to 40 nm have been demonstrated (32) . The crystal size is controllable because the total number of ions can be specified, as shown in Fig. 1 , unlike conventional beam-induced patterning where the reservoir is effectively infinite. Furthermore, particle etching (and, although not demonstrated, pulsing of the beam) are additional controls in our method that may help to achieve smaller-dimension deposits. State-of-the-art STEM with nanoscale beam sizes may thus allow deposition of materials with few-nanometer dimensions, similar to what has been demonstrated in gas-phase beam-induced deposition (33, 34) . This degree of control will require calibration. Fortunately, imaging without growth is straightforward once the voltage is off, and a feedback approach to monitoring the size of beam-induced particles may be relevant (32) .
Because other energetic radiation can reduce metal ions, focused laser light may also form analogous structures, although at larger dimensions. The solution composition provides additional parameters for tuning particle growth kinetics and morphology. Solution composition, including pH, affects the stability of dissolved ions and nanocrystals (23); particle shape should be tunable by introducing surfactants (35, 36) . The introduction of scavenger species (37) can, in principle, optimize the concentrations and types of radiolysis products formed and can even modify the diffusivities of reacting species and change the balance of etching and growth (25) . Solution composition will also affect the required potential (20, 21, 38) . Finally, if particular elements present contamination problems [such as chlorine (32)], then it may be possible to choose an electrolyte that avoids them. Overall, the use of both dose rate and electrochemical control in the process described here provides a variety of parameters to tune the growth.
Finally, we note that accurate determination of the onset potential for a dissolution process can be difficult to achieve using conventional experimental techniques such as cyclic voltammetry (20) . Visualization of ions in solution via radiolytic deposition can therefore perhaps provide useful information in corrosion studies. It may also be possible to measure diffusion processes by using the electron beam as a probe of ion concentration as a function of time and space. This in situ growth scheme therefore offers new venues to synthesize complex nanostructures and quantify liquid-phase processes.
MATERIALS AND METHODS

Growth platform
The growth experiments were performed in an electrochemical liquid cell (Hummingbird Scientific) with flow capabilities, operated inside a 300-kV TEM (FEI CM30 TEM). The results reported here were obtained with the cell completely filled with electrolyte, without gas bubbles present. Flow was used to fill the cell with HCl or another electrolyte, but no flow was used during deposition unless specified. The liquid thickness was set by using a 250-nm-thick spacer layer between chips for Au and Cu; the liquid thickness therefore increases from about this value at the edge of the window to several micrometers in the center of the window due to window bulging. No spacer was used for Ni deposition; the minimum liquid thickness near the window edge was~50 nm.
Electrochemical control was achieved through a two-terminal configuration consisting of a WE and a counter/reference electrode (C/RE). Both galvanostatic and potentiostatic conditions were used, with current or potential pulsed to examine growth kinetics and to minimize bubble generation. Irradiation of either the electrolyte or electrodes did not measurably alter the overall electrochemical characteristics during these experiments, consistent with other electrochemical liquid cell TEM experience (39, 40) . Although the rapid diffusion of metal ions [D = 10 9 nm 2 /s for Au (41, 42) ] promises rapid ion removal once the voltage is set to zero, we circulated fresh electrolyte (for example, 0.1 M HCl) for at least 5 min using a syringe pump before each growth or erase experiment as a precaution to ensure removal of metal ions and radiolysis species.
Au nanocrystal growth
For Au deposition, the electrodes were parallel strips of 30-nm-thick polycrystalline Au each with a 90-mm-long × 20-mm-wide active area defined by a silicon dioxide passivation layer. The electrodes were separated by 20 mm, and the beam was placed between the two electrodes. Multiple depositions were carried out in each cell, using one electrode as the WE and changing between other electrodes for the C/RE, as the C/RE is etched during the experiments. We tested the result of liquid flow with direction from C/RE to WE, but we found no visible effect from flow rates of <20 ml/min. Cu nanocrystal growth For Cu deposition, the three electrodes each had a different active area. The electrode used as the WE was 5 mm wide and that used as the C/RE was 20 mm wide, with a 5-mm gap between electrodes. The active areas were 10 and 40 mm 2 , respectively.
Ni nanocrystal growth
For Ni deposition, two electrodes were arranged in a comb configuration separated by a 5-mm gap. One electrode had nine fingers, each 5 mm wide, with a total exposed area of 900 mm 2 and the second had nine fingers, each 10 mm wide, with a total exposed area of 1800 mm 2 . Either of these could be used as the WE. The C/RE was a large pad, 180 mm wide, with a total exposed area of 3600 mm 2 located 50 mm away from the edge of the comb electrode.
Image analysis
Images were obtained in bright-field mode and recorded at 30 frames/s at a region within the viewing window of the liquid cell. To stimulate and record the process of nanocrystal growth, as in Fig. 1 , the beam diameter was fixed at several micrometers to irradiate a cylinder of liquid. After growth, the beam was spread as in Fig. 3 and figs. S3 and S4 to show the entire deposited region and the surroundings.
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